An athlete's heart is characterized by morphological and functional changes occurring as a consequence of regular physical exercise. We sought to determine if these physiological changes lead to ventricular repolarization abnormalities in trained athletes. Forty-four trained athletes and 35 sex-and age-matched healthy sedentary controls were included in the study. A 12-lead surface electrocardiogram (ECG) was obtained from all participants. Maximum QT (QTmax) and minimum QT (QTmin) interval durations, QT dispersion (QTd) and corrected QT dispersion (QTcd) were calculated for each ECG record. Heart rate, systolic and diastolic blood pressure values were found to be identical in both groups. QTmax and QTmin interval durations were not statistically different between the athletic and control groups. Similarly, QTd and QTcd did not differ significantly between the two groups. No association was observed between an athlete's heart and ventricular heterogeneity compared with healthy sedentary controls, despite physiological and structural changes.
Introduction
Regular intensive physical training leads to cardiac hypertrophy known as athlete's heart. 1 It is assumed that the dimensional changes affect all cardiac cavities to the same extent, resulting in a balanced cardiac hypertrophy. 2, 3 Athlete's heart has been shown to be associated with rhythm and conduction alterations, morphological changes of the QRS complex and repolarization, abnormalities which result from morphological and physiological cardiac adaptation. 4 In addition, it has been shown that sudden death may rarely occur in young competitive athletes (under 35 years of age) and hypertrophic cardiomyopathy accounts for about one-third of such cases. 5 The factors that may induce development of malignant arrhythmias and sudden death in trained athletes, particularly in the absence of a structural cardiovascular disorder, have not been clearly elucidated, however.
Clinical studies have suggested that the inter-lead variability of the QT interval in the standard electrocardiogram (ECG), defined as QT dispersion (QTd), reflects regional differences in ventricular repolarization. Increased dispersion of recovery time is believed to increase the risk for serious ventricular arrhythmias and sudden death. 6 -10 Prolongation of the QT interval has been associated with a lowered ventricular fibrillation threshold and with the occurrence of sudden death. 11, 12 QTd has also been found to be increased, especially in those with left ventricular hypertrophy, hypertrophic cardiomyopathy, long QTsyndrome and myocardial dysfunction. 13 -16 We tested the hypothesis that morphological changes in the cardiovascular system induce ventricular repolarization abnormalities in trained athletes by comparing the QT interval duration and dispersion in trained athletes and healthy sedentary control subjects.
Subjects and methods

SUBJECT CHARACTERISTICS
Well-trained athletic students who had trained for many years were included in the study. All athletes were members of a local athletic college and regularly maintained their sporting activities and training programmes under the direction of experienced trainers. The control group consisted of sex-and agematched healthy sedentary subjects. A detailed history was taken and each participant underwent a physical examination to exclude cardiovascular or other relevant disease before participating in the study. Those who had a history of overt cardiovascular or any other systemic disorder, and those on medications known to alter cardiac conduction, were excluded from the study.
The local research ethics committee granted approval for the study and written informed consent was obtained from each patient.
DATA COLLECTION
Age and gender were noted, and body mass index (height [m 2 ]/weight [kg]) measured. Blood pressure and heart rate were measured after the subjects had been resting for 15 min.
Twelve-lead surface ECGs, recorded at a paper speed of 50 mm/s for two consecutive cycles, were obtained in the supine position from all study participants after a 15-min rest. ECG parameters, including maximum QT (QTmax) and minimum QT (QTmin) interval durations, QTd and corrected QT dispersion (QTcd), were calculated manually with a caliper. The QT interval was measured from the beginning of the QRS complex to the end of the T wave. QTd was defined as the maximum minus minimum QT intervals, and QTcd was measured according to Bazett's formula to adjust for heart rate. 17 If the end of the T wave could not be reliably determined, QT measurements were not obtained, and these leads were excluded from the analysis. All measurements were performed in duplicate on two separate days and by two independent observers who were unaware of the clinical details.
STATISTICAL ANALYSIS
Statistical analysis was performed with SPSS for Windows version 10.0 (SPSS Inc., Chicago, IL, USA). Data are presented as mean ± SD. For continuous variables, the unpaired Student's t-test was used, and for categorical changes, the χ 2 test was used. A P-value < 0.05 was considered statistically significant. Intra-and inter-observer variability for measures was tested using the Pearson correlation test.
Results
A total of 44 well-trained athletic students (14 soccer players, 10 runners, five badminton players, five basketball players, five wrestlers, three cyclists and two handball players) were included in the study. A group of 35 sex-and age-matched healthy sedentary subjects formed the control group. The distribution of sex, age, body mass index, blood pressure and heart rate was similar in the athletic and control groups ( Table 1) . On average, the athletes had been training for 7.9 ± 3.0 years and trained for 9.2 ± 1.9 h/week. All subjects (both groups) had sinus rhythm, and no rhythm disturbance or conduction abnormality. None of the 79 study subjects had a U wave superimposed on the terminal portion of the T wave.
The QT interval was measurable in 8 -12 leads in each subject. There was no statistically significant difference between the QTmax and QTmin interval durations in the athletic and control groups ( Fig. 1) . Similarly, QTd and QTcd did not differ significantly between the athletic and control groups (Fig. 2) .
Minimal intra-and inter-observer variability (r = 0.98, P < 0.05 and r = 0.97, P < 0.05, respectively) was detected.
Discussion
Physical training is associated with haemodynamic changes. It alters the loading conditions of the heart and results in morphological and physiological changes, including an increase in left ventricle chamber size, wall thickness and mass, increase in stroke volume and decrease in heart rate. 1 -3 Indeed, these morphological and functional cardiac adaptations induced by physical training may be reflected in electrocardiographic variants. ECG abnormalities, even in the absence of structural heart disease, are often observed in highly trained athletes. These ECG abnormalities include sinus bradycardia with sinus arrhythmias, sinus pauses with occasional junctional escape beats, firstdegree atrioventricular block and even periods of Mobitz-type-1 second degree atrioventricular block. Morphological P-wave changes are frequently observed as a result of atrial enlargement. QRS voltage changes suggesting ventricular hypertrophy are often seen associated with T-wave inversions in the anterior leads. Juvenile T-wave pattern and elevated early 'takeoff' of the T-wave are frequently seen. 'Strain' patterns, with down sloping ST-T changes indicating abnormal repolarization, are not common but can be seen in athletes who perform isometric exercise. 18, 19 To clarify the clinical significance of abnormal ECG patterns in athletes, Pellicia et al. 20 compared ECG findings with cardiac morphology assessed by echocardiography, in 1005 consecutive athletes who were participating in 38 sporting disciplines. Based on a variety of criteria, ECG patterns were distinctly abnormal in 14% of athletes, mildly M Turkmen, I Barutcu, AM Esen et al. QT interval duration and dispersion in athlete's heart abnormal in 26%, and normal or with minor alterations in 60%. Abnormal ECGs were associated with male sex, younger age, endurance sports and larger cardiac dimensions; structural cardiovascular diseases were rarely responsible for the abnormal ECG patterns in trained athletes. It was concluded that abnormal ECG patterns may be part of athlete's heart syndrome. 20 Whether an association can be made between athlete's heart and QT interval abnormality is unknown.
QT interval duration and dispersion in athlete's heart
QT interval is the electrocardiographic measurement of ventricular depolarization and repolarization times. Abnormal QTd has been shown in different patient populations, including patients with long QT-syndrome, hypertension, left ventricular hypertrophy, hypertrophic cardiomyopathy, myocardial ischaemia and dysfunction. 13 -16 Prolonged QT interval duration has been reported to be associated with serious arrhythmias and is an independent risk factor for sudden cardiac death. 11, 12 Increased QTcd is associated with increased susceptibility to ventricular arrhythmias and reflects the regional variation in ventricular repolarization, which may increase the risk of sudden death caused by malignant arrhythmias. 11, 21 Moreover, the fact that increased QTd is related to increased heterogeneity of repolarization was supported by studies correlating the dispersion of epicardial monophasic action potentials with dispersion of the QT interval measured from the surface ECG. 22, 23 Taking into account the effect of morphological and physiological changes on QT interval duration and dispersion, we attempted to measure QT interval duration and QTd in trained athletes and to compare the findings with those of healthy control subjects. Our results showed that trained athletes did not have prolonged QT interval duration or increased QTd compared with healthy sedentary control subjects.
Athlete's heart is usually considered to be a physiological process, but there is concern that high intensity training may contribute to the development of malignant ventricular arrhythmias and sudden death in trained athletes. Several autopsy-based studies have documented the cardiovascular diseases responsible for sudden death in young competitive athletes or youthful asymptomatic individuals with active sportsrelated lifestyles. 5, 24 Furlanello et al. 25 reported that all athletes with lifethreatening arrhythmias have an arrhythmogenic substratum due to underlying silent cardiopathy or primary arrhythmic disorders and concluded that athletic activity could be regarded as a trigger of electrical destabilization. A spectrum of congenital or acquired abnormalities confined to the conduction system (in the absence of structural cardiac abnormalities) has occasionally been regarded as the cause of sudden death in competitive athletes and other young people, however. 26, 27 Sudden cardiac death may be due to mechanical abnormalities, but the majority of cases are due to dysrhythmias, namely ventricular fibrillation. We also sought to determine whether increased QTd could be one of the factors responsible for malignant ventricular arrhythmias and sudden death in athletes, therefore, particularly in the absence of structural heart disease. We failed to observe any difference between trained athletes and control subjects with respect to QTd and QT interval duration.
Currently, there are a variety of studies that have investigated the susceptibility of the athletic heart to the development of malign rhythm disturbances. In accordance with our observations, however, most reports M Turkmen, I Barutcu, AM Esen et al.
suggest no difference between trained athletes and sedentary control subjects regarding susceptibility to significant rhythm disturbance. Bjornstad et al. 28 studied ambulatory Holter records in top athletes, athletic students and control subjects and found no significant rhythm disturbance including atrial, supraventricular and ventricular arrhythmia in each group other than atrioventricular type-II sinoatrial block in a few cases. Moroe et al. 29 performed signal-averaged ECG (SAECG) evaluation on 776 young athletes to determine its relationship to the extent and type of exercise and found that abnormal SAECGs were present in 68% of the athletes and were associated with a smaller left ventricular mass. The authors observed no serious arrhythmias on 24-h Holter monitoring or during the follow-up period, and concluded that continuous anaerobic exercise might induce abnormal SAECGs through the development of delayed myocardial conduction or electrical heterogeneity in cardiac tissue; the presence of abnormal SAECG was unrelated to the development of arrhythmias in young athletes. Together with these results, our study suggests that ventricular heterogeneity is not a component of athlete's heart in the absence of structural heart disease. We concluded that the QT interval duration and dispersion in athletic students were no different from those of sedentary control subjects. Thus, athlete's heart does not seem to be associated with ventricular heterogeneity, despite physiological and structural changes. There is a need for further large-scale studies to elucidate whether highly trained athletes are prone to severe rhythm disturbances, however.
Our study had some limitations and these warrant discussion. Poor reproducibility and measuring errors of the QT-dispersion method were the main drawbacks, although our inter/intra-observer variability was good. This simple and cheap method is still a strong and independent predictor of ventricular heterogeneity and cardiac mortality, however. 11 -13 In addition, our results could not be extrapolated to all elite athletes and should be interpreted with caution since our study was limited to a small number of subjects within a heterogeneous group. We did not perform a subgroup analysis among the athletes because the group was not large enough. 
